The interaction of the ribosomal protein S1 from E. coli MRE 600 with oligonudeotides was studied by hydrodynamic, spectrophotometric, and kinetic methods.
INTRODUCTION
The ribosomal protein S1 is the largest protein of the prokaryotic 30 S ribosomal subunit and plays an essential role in initiation and elongation of protein biosynthesis /1-4/. Furthermore it is a component of the phage QB replicase /5/. S1 is implicated in messenger RNA binding during initiation of protein biosynthesis /3,6,7/. There are two hypotheses regarding the mode of action of protein S1 with natural messengers: i) S1 is able to dissolve the secondary structure of the 3'-terminus of the ribosomal 16 S RNA /8-10, reviewed in 11/ and facilitates thereby hybrid formation between the twelve 3'-terminal bases of the 16 S RNA and complementary intercistronic "Shine-Dalgarnosequences" of the messenger RNA /12/. ii) Because S1 is known to bind to many synthetic messengers, possibly "unwinding" their residual secondary structure /11,13-15/ it may recognize the starting sequence of the messenger RNA and bring it into an appropriate conformation for translation. In support of this hypothesis MS2 RNA is translated in the absence of S1 only under denaturing conditions /16/.
Undoubtedly, the ability of the S1 protein to bind RNA is of functional importance. Binding data reported in the literature so far, however, are contradictory concerning the stoichiometry, the mechanism of binding, and the solubility of the protein and the protein-nucleic acid complexes. Whereas Draper and von Hippel reported the existence of two different nucleic acid binding sites on the protein S1 /17-20/, other authors claimed that only one binding site would exist /7,10,21,22/. Most of those data were obtained by methods in which precipitation of the protein or the protein-nucleic-acid complex would cause serious errors in the quantitative evaluation. Extensive studies on S1-oligonucleotide binding by UV-absorption and fluorescence intensity titration, showed that binding-isotherms are simulated by the above mentioned irreversible precipitation of S1 or the complex /22,23/. The results presented in this paper are based on measurements with the temperature jump method. If an excess of oligonucleotides is applied the results are unaffected by an irreversible precipitation of the protein or the complex. The aim of this work is to establish the number of binding sites on the protein, to determine the equilibrium and rate constants, and to deduce a model for the mechanism of interaction between protein S1 and homo-oligonucleotides. We have concentrated on the influence of the stacked conformation of the oligonucleotide on the interaction with S1 . MATERIALS SI was prepared from E. coli MRE 600 (E. Merck, Darmstadt) in a procedure slightly modified from published procedures /21, 24/. A stepwise NaCl-gradient instead of a linear one was applied during the DEAE 32 chromatography ( 6 x 2 cm). The crude S1 sample was absorbed to the DEAE-cellulose in 10 mM Tris-HCl, pH 7.5, 20 mM NaCl and washed extensively with the same buffer.
Contaminating RNA was eluted with 10 mM Tris-HCl, pH 7.5, 130 mM NaCl. Protein S1 was eluted as a sharp peak during the next step increasing the NaCl to 250 mM. In the course of the desalting and the concentration of the sample the protein-ratio, A 2 8o/ A 26O' d e c r e a s e d below 1.4. Therefore, S1 was finally purified by chromatography with AcA 54 ultrogel (LKB, 30 x 1 cm), which raised the ratio to 1.6 with the characteristic Si-shoulder at 290 nm. Protein concentrations were calculated using the extinction of 1 mg/ml = 0.757 A 2 g m /2 5/. Preparations were adjusted to 2 mg/ml in 10% glycerol and stored at -20°C.
The 10% SDS-polyacrylamide slab gel electrophoresis of purified S1 showed one single band with a mobility slightly less than that of bovine serum albumin (MW 65 000).
The preparations were free of nuclease activity as assayed by degradation of 
Buffers
Buffers made from triple distilled water and degassed before adding the protein, contained 10 mM Tris-HCl, 100 mM NaCl, 0.1 mM EDTA, 1 mM 8-mercaptoethanol, 10% (V/V) glycerol, pH 7.5.
METHODS
Sedimentation velocity runs were carried out in a Spinco model E ultracentrifuge equipped with an electronic speed control, a high intensity ultraviolet-illumination system /28/, a photoelectric scanner, an electronic multiplexer, and an AN-F Ti rotor. Sapphire windows and Kel-F single sector centerpieces were used.
Difference spectra were recorded in a Zeiss PMQ III spectrophotometer using mixing cuvettes of 1 cm optical pathlength (Hellma, Mtillheim) in thermostated cell holders.
One chamber contained the oligonucleotide and the other the protein. The UV-difference spectra due to the binding of the oligonucleotide to the protein were measured directly, by recording the difference between two cuvettes containing identical concentrations of oligonucleotide and protein. The base line was recorded before mixing the components. The difference spectrum was recorded after mixing the components in only one of the cuvettes.
The UV-difference spectra due to the thermal denaturation of the oligonucleotides were determined at temperatures between 5°C and 40°C.
Temgerature_Jumg_Measurements
Fast kinetic measurements were carried out in a modified version of the Eigen-De Maeyer temperature jump instrument the details of which have been given /30,31/. The heating time under the buffer conditions used was approximately 10 us, the heights of the temperature jump were 4.8°C for the 2 5 kV discharge and 6.8°C for the 30 kV discharge. Final temperatures were 10°C, 15°C and 25°C, respectively. Optimum signal to noise ratio was obtained at 265 run with a 200 W mercury/xenon high pressure lamp. Evaluation was carried out by an analog simulation technique similar to that described earlier /32/.
Evaluation_of _the_Kinetic_Exger intents
The mean values of 5 individual temperature jump experi-ments were taken for further calculations. Assuming a bimolecular reaction mechanism: R S1 + oligoN"-*complex (1) the rate constants k R and k D were calculated from the concentration dependence of the relaxation times as given by:
The concentrations of free reactants 5 were calculated according to the law of mass action.
Both rate constants, k_ and k_, were obtained from the kinetic studies by an iterative evaluation procedure without assuming an equilibrium constant K = k R /k D from other experiments. An initial value of K allowed the calculation of the concentrations of free reactants and the first order approximation of k R and k Q from Equ. (2) . k R and k Q led to an improved value of K, and in the next iteration step to improved values of k R and kp. After five iteration steps no further improvement could be obtained. An independent check of the equilibrium constant K, the reaction enthalpy 4 H and the stoichiometry of the reaction was obtained following the method of Winkler-Oswatltsch and Eigen /33/. In this method the deviation in the maxima of the relaxation times and the relaxation amplitudes from stoichiometric total concentrations of the reactants is evaluated. In a plot of the relaxation amplitudes versus the total concentrations of oligonucleotides the following relation holds for the maximum:
As shown later the plot may easily discriminate between different stoichiometries.
The reaction enthalpy may be evaluated from each single 
RESULTS
In all experiments, A(pA) ._ or i K p U )^ served as an analogue for mRNA. This chain length results in optimal binding constants with no further increase when compounds of higher molecular weight were used /21/.
The_StgichiometrY_of_the_S2;01iggnucleotide_Cgmglex
The stoichiometry of the S1-oligonucleotide interaction was checked by sedimentation velocity runs, as described by Krauss et al. /29/. In the mixture of S1 and an excess of oligonucleotide the complex is formed nearly quantitatively, because the concentrations of both are well above the reciprocal binding constant. Fig. 1 shows that the boundaries of the complex and the excess oligonucleotide, although both fairly broad, are well resolved. The s-values are 3.1 S for the complex and approxiatively 0.9 S for the oligonucleotide.
Evaluation of the heights of the boundaries yielded the following stoichiometries: 1 mole S1 binds 0.9 1 0.1 mole U(pU)-2 or 0.8 i 0.2 mole A(pA) 1 2 -The results exclude the binding of a second oligonucleotide with a binding constant higher than 10 5 M~1.
UV-difference spectra were measured between 220 nm and 300 nm at 5°C, 10°C, 20°C, 30°C and 40°C.
In order to obtain maximal effects, stoichiometric amounts of the reactants were mixed. As may be seen from is assumed to be identical in both complexes either with A(pA) 1 2 or with U(pU> 12 . It follows
(X) (6) where A A s 1 _ A ( p f t ) i 2 ( X ) and A A s l _ u ( p U (X) are the experimentally determined difference spectra (Fig. 2) and C-and C y are unknown constants. Because Egus. (5) and (6) have to be fulfilled at every wavelength, they are an overdetermined system.
Values for C ft and C.. and a spectrum _.
(X) were found which fulfil Equs. (5) and (6) at every wavelength. Thus our assumptions were verified by the experimental results. The decomposition of the spectra is shown in Fig. 3 .
Because addition of Mg -ions to the solution decreased 
Mea surement s
In the initial period of this study we tried to investigate the binding of S1 and oligonucleotides by equilibrium titrations monitoring the UV-difference spectra as well as fluorescence quenching. Those measurements, however, were not reproducible because of uncontrolled precipitation of S1 and/or the complex. Since other authors 11,17,22/ reported similar difficulties with the solubility of the protein and the complex we decided to center our interpretation mainly on kinetic measurements with the temperature jump method.
If the oligonucleotide is present in large excess over S1 it follows from Equ. (2) , that the values of the relaxation time do not depend upon the concentration of free S1. They do, of course, also not depend upon the concentration of complexed S1. Therefore, data obtained under those conditions are not affected by precipitation of free or complexed S1 . We have extended the oligonucleotide concentration into that range and will show that it is possible to obtain consistent sets of experimental data. Concentrations of S1 were always around 2 uM, concentrations of oligonucleotides varied between 1 and 10 uM.
A further increase in the reproducibility was achieved, if freshly prepared solutions were used for every titration point and mechanical mixing was minimized. The course of the reaction was followed in all experiments at 265 nm. This wavelength was optimal for the signal to noise ratio even in the case of U(pU) 12 » because the intensity and stability of the mercury/xenon high pressure lamp was best at 265 nm. In Fig.4 typical oscilloscope traces are shown.
With both oligonucleotides there are two relaxation processes visible: an unresolved fast process within 10 us and a process in the time range of ms. The fast effect is due to the stackingunstacking equilibrium of the free oligonucleotides /34/.
The relaxation times in the ms-range were dependent upon the concentration of S1 and the oligonucleotides. The isolated reactants revealed no resolvable effect. For the temperature dependence of the equilibrium and rate constants, measurements were carried out at 5°C, 10°C and 20°C for S1-U(pU) 12 and 5°C and 20°C for S1-A(pA)-| 2 .
Relaxation_Times
The plots 1/f versus concentration are given in Fig. 5A and 5B. The thermodynamic data evaluated from these plots are listed in Table 1 .
Relaxation Amplitudes
Additional information may be obtained if the relaxation amplitudes of the resolved process are plotted versus the total concentration of the oligonucleotide (Fig. 6 ) . The maximum of the amplitudes is shifted to an oligonucleotide concentration which is higher than that of the total concentration of S1. K was estimated to be 8.0-10 5 M~1 at 25°C and 1.7-10 6 M~1at 10°C according to Equ. (3). This is in good agreement with the data evaluated from the relaxation times. Furthermore the 1 : 1 stoichiometry is confirmed by this type of evaluation. The amplitudes of the unresolved fast effect, which is contributed by the stacking-unstacking equilibrium of the oligonucleotides, show a clear dependence upon the total concentration of the oligonucleotide (see Fig. 7 ) . The increase in amplitude with higher oligonucleotide concentration is more pronounced if the oligonucleotide is in excess over the protein S1 as compared to submolar concentrations of oligonucleotide. It follows that the fast amplitude is mainly associated with the unbound oligonucleotides. At lower concentrations, when most of the oligonucleotide is bound to S1, the stacking-unstacking equilibrium seems to be mostly frozen due to the formation of complexes.
The curvature of the experimental points in Fig. 7 around the stoichiometric ratio independently supports the conclusion that only one mole oligonucleotide is bound per mole of protein The error limits were determined from the smallest and the highest value obtained. The enthalpies are in good accordance with the values calculated from the temperature dependence of the equilibrium constants.
DISCUSSIOM
We have investigated the thermodynamics and kinetics of the interaction between the ribosomal protein S1 and two oligonucleotides. As mentioned in the introduction, earlier reports con-' cerned with this type of interaction show somewhat conflicting results II,10,17-22/. Those results relied mostly on optical titrations.
Advanta2e_of_the_Temp_erature_Jumg Method for_the Investigation gf_the_ §2-oli2onucleotide Interaction
We have pointed out under "Results" that the use of the temperature jump technique allows one to circumvent the diffl-culties which arise from precipitation of free or complexed S1 protein. The UV-difference spectra (Fig.2) and their temperature dependence reveal optical effects sufficiently large to follow a shift in the concentrations after a temperature jump. The relaxation times were measured over a wide range of oligonucleotide concentrations.
Binding constants obtained show similar values for A(pA) _ and UtpU).-, whereas U(pU) 1 2 should bind more strongly according to published data. An apparent stronger binding of U(pU) 1 2 to S1 may be due to a preferential precipitation of the S1-U(pU) 12 complex. When we carried out as many as 20 temperature jumps on the same solution we observed a decrease in the amplitude which was higher with oligo U than with oligo A. In addition, the disturbances in equilibrium titrations were more severe with oligo U than with oligo A.
Temperature jump studies allow the evaluation of the relaxation times, their temperature dependence, and the relaxation amplitudes as independent sets of experimental data. From the relaxation times the rate constants, the binding constant, and the stoichiometry were obtained; from the temperature dependence the reaction-and activation enthalpies were determined; from the relaxation amplitudes the stoichiometry, the reaction enthalpy, and the order of magnitude for the binding constant could be calculated. Our results demonstrate that each of the different sets of experimental data give a consistent set of thermodynamic and kinetic constants.
£? §Ehanism_of_S2-oli2onucleotide_Interaction
One mole of S1 binds one mole of oligonucleotide. As pointed out above this result was obtained from the sedimentation profiles as well as from the slow and fast relaxation process. This stoichiometry agrees with recent data from Yuan et al. /10/.
Analysis of the UV-difference spectra showed that both the oligonucleotides and the protein S1 contribute to the change in the UV-absorption spectrum. Thus the protein may undergo a conformational change after binding to the nucleic acid. We cannot determine, however, whether the absorption change of SI originates from a conformational change of the protein or from its direct contact with the oligonucleotide. If a conformational change of the protein does occur, it is faster than the binding step. Other studies /35,36,39/ indicate that S1 has an extended and flexible structure, and may readily undergo changes in conformation. The contribution of the oligonucleotide to the UV-difference spectrum indicates that both oligonucleotides undergo a conformational transition during the binding which in its spectral properties is very similar to the unstacking process. Because the unresolved fast process is to a large extent suppressed in the complex, the conformational transition of the oligonucleotides is frozen on the surface of the protein in its unstacked-like conformation. Therefore, the following mechanisms remain to be discussed: The conformational change in the oligonucleotide occurs
as a preequilibrium prior to the binding, or
(ii) as a fast consecutive step, or (iii) it may be a result of a combination of (i) and (ii). We may differentiate between these possibilities by discussing quantitatively the activation enthalpy of the recombination rate constant. If a fast stacking-unstacking preequilibrium is included, the reaction scheme would be as follows:
The corresponding expression for the relaxation times is:
if C £ / p A \ is t n e total concentration of free A(pA)-2 , i.e., in the stacked and unstacked state. The experimentally determined rate constants are:
It follows that the experimental activation enthalpy of the recombination arises from the activation enthalpy of k 2 as well as from the reaction enthalpy of K 1 . As the lower limit we assume the activation enthalpy of k, to be zero and consequently we have to discuss the upper limit of the contribution of K.. to the experimental activation enthalpy.
Because single strand stacking is an uncooperative process, an individual A(pA)^2 molecule should not be regarded as having either a completely stacked or a completely unstacked state. If partial unstacking of the oligonucleotide is necessary for the binding to S1 protein, we may assume that the oligonucleotide in the completely stacked form does not bind. Then, the equilibrium constant K 1 would describe the transition from a non binding, stacked conformation to a binding, partially unstacked conformation.
The temperature dependence of K 1 was calculated assuming that m arbitrary pairs of neighbouring bases in the oligonucleotide have to become unstacked prior to the binding step. A A Hvalue of +33 -2 kj/mol for the unstacking of a single pair of neighbouring adenines was taken from the literature /37,38/. We estimated from our experimental data that no more than two stacking interactions have to break in the preequilibrium. Most probably only one pair of neighbouring bases has to open up, because k-will contribute also to the total activation enthalpy and less activation enthalpy would be left for the contribution of destacklng. The estimation was carried out for AfpA)..,' where stacking is more pronounced than in tMpU).... Because in UfpU).-the reaction enthalpy of K. may be assumed to be zero, an estimation for the activation enthalpy of y~2 may be obtained from those results.
As visualized in the model of Fig. 8 the primary binding may occur at any unstacked pair of bases. The conformational transition of the oligonucleotide which is visible in form of the hyperchromic absorption change proceeds as one or several fast consecutive steps after the primary binding. We hesitate to call the consecutive steps in the complex "unstacking", because they exhibit only the optical properties of unstacking but not the thermodynamic ones i.e. a high enthalpic contribution to the total reaction enthalpy. If the unstacking process is not seen to a noticeble extent in the thermodynamic parameters, the small difference in the binding constants of A(pA)-|2 and UfpU)---, which differ in their stacking properties, is also sensible.
Other authors have centered their mechanistic studies /10, 40/ on the action of S1 on double stranded nucleic acids and have shown that S1 unfolds double strands. From our studies it follows that the single stranded nucleic acid is bound to S1 in a fixed conformation and exhibits a remarkably higher absorbance at 260 nm than the single stranded stacked or the double stranded conformation. Thus, S1 binds single strands in such a conformation as to prevent double strand formation. During the initiation of translation S1 may serve to lower the activation energy between two competing double stranded structures, the intramolecular double helix at the 3'-end of the 16 S-RNA /10/ and the intermolecular double strand between the 3'-end of the of the 16 S-RNA and the Shine-Dalgarno sequence of the mRNA.
